Antigenic variants of tick-borne encephalitis virus were selected by the use of six neutralizing monoclonal antibodies (MAbs), each defining a different epitope of the envelope glycoprotein E. These variants were characterized with respect to antigenic changes by analysing the binding of each of 18 precisely mapped MAbs in ELISA and haemagglutination inhibition tests. The results yielded information about interrelations between epitopes exceeding that obtained previously from competitive binding studies. In addition, variants were tested for their specific haemagglutination activities, which revealed a significant reduction of this functional activity in one of the variants.
Hanks' salts buffered with 15 mM-HEPES, 15 mM-HEPPS pH 7-6, containing neomycin and 0.1 ~ bovine serum albumin) were incubated for 1 h at 37 °C with equal volumes of ascites fluid, containing between 1 and 8 mg/ml of neutralizing MAb. Aliquots (0.6 ml) of these mixtures were used to infect monotayer cell cultures of primary chick embryo cells in 24-well cluster plates that were maintained in medium 199 supplemented as above. After 1 h at 37 °C the infection mixture was replaced by fresh medium, containing 10~o of MAb ascites. The medium was changed once more 3 days post-infection. Samples of the supernatants were taken 3 and 6 days post-infection and assessed for the presence of virus by a four-layer ELISA procedure as described by Heinz et al. (1986) employing guinea-pig anti-TBE immunoglobulin as capturing antibody and rabbit anti-TBE immunoglobulin as detecting antibody. Typically, virus growth was suppressed by 3 to 5 log10 units in the presence of neutralizing MAbs. Virus-containing supernatants were subjected to further cycles of selection as described above, until virus growth in the presence of the selecting MAb was equal to that in antibody-free control cultures. Subsequently, the antigenic variants (designated VA3a, VA3b, VA4, VA5, Vi2, VB1 and VB4, according to the selecting neutralizing MAb) were purified by at least three cycles of endpoint dilution in the presence of the selecting MAb. Finally, the virus was injected into suckling mice for the preparation of stock suspensions, which were stored at -80 °C and used as seed virus for large scale virus production as described previously (Heinz & Kunz, 1981) .
Each of the seven variants were characterized for reactivity with each of the 18 MAbs in ELISA and haemagglutination inhibition (HI) tests in order to obtain information about the antigenic structure of protein E. In addition, possible functional change caused by the mutations was assessed by determining the specific activity and pH optimum of HA for each variant.
For systematic antigenic analysis, three-layer ELISAs were performed as described previously (Heinz et al., 1983) . Essentially, purified virus preparations (2 ~tg/ml) were coated onto microtitreplates and titration curves of each MAb against each of the variants were established and compared to wild-type strain Neudoerfl. The results of the ELISA are shown in Table 1 . Generally, binding titres of the selecting MAbs were reduced with the respective variant. We did not obtain any neutralization escape variant that bound the selecting MAb with wild-type affinity as has been described for other viruses (Iorio & Bratt, 1985; Blondel et al., 1986; Yewdell et al., 1986) .
In addition, some of the variants also lost their binding affinities for other MAbs, namely VA4 for MAb i3, Vi2 for MAb C1, VB1 for MAb B4, and VB4 for MAb B1. The linkage of MAbs B1 and B4 is also apparent from their mutual competition for binding (F. Guirakhoo et al., unpublished data) . It is therefore likely that these MAbs define structurally overlapping epitopes. In the case of A4 and i3, however, no mutual influence on binding has been observed (F. Guirakhoo et al., unpublished data) , indicating that these epitopes are located on topologically distant sites of the protein. The concomitant loss of binding of both MAbs to variant VA4 suggests that the mutation selected by MAb A4 results in a conformational change that also affects the i3 epitope. A similar phenomenon may operate in the case of i2 and C1. A certain structural linkage was already suggested by previous results from competitive binding studies, which indicated that binding of MAb C1 blocks MAb i2, but not vice versa. Variant VA5 reveals a somewhat reduced binding of MAbs A2, A3, A4, il and i2, suggesting that the epitopes recognized by these MAbs may be located on a common structural entity, that also shares the property of sensitivity to acid pH. Another possible explanation would be the chance selection of a double mutant, which was, however, ruled out by sequence analysis (Mandl et al., 1989) .
In order to obtain further information about the relationships of epitopes, HI tests were performed. Experiments were carried out essentially as described by Clarke & Casals (1958) using wild-type strain Neudoerfl and all variant viruses at a concentration of 4 haemagglutinating units. MAb titrations were performed in twofold dilution steps, starting at an antibody concentration of I mg/ml. Table 2 summarizes the results (only HI-positive MAbs are included). As was expected from the MAb binding data determined by ELISA, MAbs generally showed reduced HI titres with the variants they had selected. In agreement with the binding data in * Binding determined in three-layer ELISA. Only differences between wild-type and virus variants are marked by arrows as follows" J, ~,~, more than 1000-fold, ~, ~ 10-to 1000-fold and ~, three-to 10-fold reduced titre compared to Neudoerfl strain.
t Additional testing in a four-layer ELISA revealed a greater than 10-fold reduction. 
* Arrows indicate reduced ($) or increased (T) HI titres: $+~, more than 16-fold; 15, four-to 16-fold. T, Increased HI activity. The endpoint could not be determined precisely due to an altered HI pattern of VA5.
case of variant Vi2, however, reduced binding of MAb C1 was not reflected by a reduced HI titre. A somewhat unusual behaviour was observed with variant VA5. The selecting MAb A5 and MAb A4, which bind to overlapping epitopes, revealed reduced HI titres, but MAbs B 1, B4, C2, C4 and C5 exhibited an apparent increase in HI activity with this variant. Since these antibodies did not reveal any differences in binding, these results suggest that the HA activity of variant virus VA5 is more sensitive to inhibition by these antibodies than that of virus strain Neudoerfl and the other variants. These analyses therefore yielded valuable further information on interrelations between individual epitopes, exceeding those obtained previously by competitive binding studies.
In order to find out whether structural changes in the mutants also caused functional changes in the protein, we determined the specific activity and the pH optimum of HA of each of the variants. HA activities were determined by the method of Clarke & Casals (1958) . No significant differences were observed with respect to the pH optimum, which was found to be 6.4 for both wild-type and all variant viruses (data not shown). The specific HA activity (i.e. HA activity per ~tg protein of purified virus) of variant VA5, however, was at least 100-fold lower than that of the wild-type and all other variants, indicating a structural change that affects the binding of the virus to the erythrocyte, This may also be responsible for the increased sensitivity of HA activity of this variant to the inhibition by certain MAbs, as described above.
The analysis of the variants presented in this paper has extended our knowledge of the epitope map of the TBE virus E protein. These variants will be powerful tools for a more detailed analysis of the antigenic structure of protein E and of the molecular basis of receptor binding and virulence of TBE virus.
